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EDITORIAL 


All those concerned with the jet and rocket research done in recent years 
at the California Institute of Technology are to be congratulated on its successful 
outcome. They are also to be congratulated on publishing to the world the 
details of their work, and their “Galcit’’ Report is of such interest that we 
feel justified in giving up the, greater part of this issue to its inclusion. The 
culminating feat of sending a rocket up 43} miles, or 230,000 feet, may be 
compared with the 7,500 feet attained by one of Dr. Goddard’s rockets in 
1935, a year before the Galcit Project was “more or less informally” initiated. 
The Galcit achievement has now, in turn, been eclipsed at the same testing 
station, White Sands, in New Mexico, where German V-2 rockets have been 
sent up 83} miles on 9th July, and 104 miles on 30th July. 

A notable feature of both the Galcit and the V-2 rockets is that they carried 
meteorological recording and radio-transmitting instruments. That which 
reached record height was equipped to detect cosmic rays, temperature, pressure 
and altitude, as well as skin temperature of the rocket, and it is reported that 
all these instruments were recovered intact, having been detached from the 
rocket at its highest point. The enterprise of American scientists in sending 
these instruments into the ionosphere is in striking contrast to the attitude 
of some leading British meteorologists, in whose expressed opinion such trials 
are useless and should, therefore, on no account be attempted. 

The experiments in New Mexico are admittedly for the purpose of developing 
new war weapons; but Major Calhoun, head of the Guided Missile Branch of 
the U.S. Army Air Force, has publicly stated that an additional motive is 
the development of possibilities of travel and exploration in space. How far 
these widely divergent objects are ultimately compatible was not discussed. 
However, the aim of interplanetary flight has been confirmed by a spokesman 
at the U.S. War Department in Washington (possibly the same officer), who 
admitted that the scientists conducting these experiments are planning to 
shoot an unmanned rocket to the moon. Members of our Society must send 
a final congratulation to this enterprising team of experts for having such an 
aim in view; but, meanwhile, we are only too well aware of the difficulties 
yet to be surmounted. In this issue the Galcit Report is, therefore, appro- 
priately followed by a statement of our Society’s functions; it will be seen 
that all can take their share in the vast amount of work still waiting to be done. 
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RESEARCH AND DEVELOPMENT AT 
THE JET PROPULSION LABORATORY, GALCIT" 


I. AN HISTORICAL SKETCH 


Basic research in the field of jet propulsion has been in progress at the 
California Institute of Technology since 1936. It is convenient historically 
to divide the work into three phases. 


The GALCIT Rocket Research Project 

The Project was initiated more or less informally in 1936 at the California 
Institute of Technology with full encouragement of Dr. Theodore von Karman, 
Director of GALCIT. The original research group was as follows: Frank J 
Malina, Hsue-Shen Tsien, A. M. O. Smith, John W. Parsons, Edward S. Forman 
and Weld Arnold. The early phases of the research were financed by a gift 
from Mr. Weld Arnold. Dr. von Karman foresaw the importance of rocket 
propulsion and the future possibilities of Caltech research in this field. 

A theoretical and practical research programme, conducted throughout 
the next two years, was directed primarily toward the design of a high-altitude 
sounding rocket. The modest programme led to the publication of several 
reports,? and to the preparation of several others for aircraft concerns and 
government agencies. Some of the latter reports suggested application of 
rocket units as boosters for airplanes, the primary purpose being, first, to 
shorten take-offs, hence runways; and, second, to boost heavily-loaded planes 
which, without assistance, could not take off at all from many existing fields. 


Army Air Corps Jet Propulsion Research Project, GALCIT Project 

No. 1 

In December, 1938, General H. H. Arnold, Commanding General of the 
Army Air Corps, requested the Committee for Air Corps Research of the 
National Academy of Science, consisting of scientists from various research 
institutions, to sponsor a programme for several problems of vital interest to 
the Air Corps. One of these problems was the development of rocket units 
suitable for boosting airplanes. Dr. von Karman chose for Caltech the rocket 
problem and the committee appointed a sub-committee on jet propulsion with 
him as chairman. 

On Ist July, 1939, sponsored by the National Academy of Science, the AAC 
Jet Propulsion Research Project was initiated at the California Institute of 
Technology with Dr. von Karman as Director. Frank J. Malina, John W. 








1. GALCIT is a composite of the capital initial letters in the following: Guggenheim 
Aeronautical Laboratory of the California Institute of Technology. This abbreviation is 
widely used both in this country and abroad. 

2. “Experiments with Powder Motors for Rocket Propulsion by Successive Impulses,”’ 
Astronautics, No. 43, 1939, p. 4. ‘‘Characteristics of the Rocket Motor Unit Based on the 
Theory of Perfect Gases,’’ Jour. Franklin Inst., No. 4, Vol. 230, 1940. “The GALCIT 
Rocket Research Project,’’ Astronautics, No. 41, 1938, p. 3. “‘Flight Analysis of a Sounding 
Rocket,” Jour. Aero. Sci., Vol. 5, 1938, p. 199. ‘‘Flight Analysis of a Sounding Rocket 
with Special Reference to Propulsion by Successive Impulses,’’ Jour. Aero. Sci., Vol. 6, 
1938, p. 50. 
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Parsons and Edward S. Forman, members of the original rocket research group, 
were selected to start the programme. 

A year later, in July, 1940, the Army Air Corps effectively assumed sponsor- 
ship of the Project. During the first two years of the war (1942 and 1943), 
when the United States was working to make up lost time, the GALCIT Project 
was constantly expanding. 


The Jet Propulsion Laboratory, GALCIT 

In January, 1944, arrangements were initiated for the Army Service Forces, 
Ordnance Department, to participate with the AAF Air Materiel Command 
in the research programme. In the interest of efficient administration, 
reorganisation was called for. On Ist November, 1944, the Project became 
the Jet Propulsion Laboratory, GALCIT. The policies of the Laboratory are 
determined by an Executive Board appointed by the Trustees of the California 
Institute of Technology. The Board is responsible directly to the Trustees, 
two of whom are included in its membership. 

In December, 1944, Dr. von Karman, who personally had directed the work 
of the Project and its reorganisation, took leave of absence to become Expert 
Consultant to the Commanding General, AAF. Dr. Clark B. Millikan was 
appointed Acting Chairman of the Executive Board; Dr. Frank J. Malina, 
Acting Director of the Laboratory; and Dr. L. G. Dunn, Assistant Director. 

As a result of ASF Ordnance Department participation in the work of the 
Laboratory, facilities and equipment have increased materially. 

Liaison with the military and naval services is maintained as follows: 

Col. B. S. Mesick, ASF Ordnance Department. 

Col. E. H. Eddy, AAF Air Materiel Command. 

Comdr. H. A. Tellman, USN, Bureau of Ordnance. 
Lieut. Col. J. C. Nickerson, U.S. Army Ground Services. 
Major K. S. Jackson, ASF Signal Corps. 

Col. Mesick in August, 1945, replaced Col. L. A. Skinner, widely known for 
his work on the development of the bazooka. From June, 1943, to March, 
1945, Col. W. H. Joiner represented the War Department. 


Facilities and Subcontracts 

The Jet Propulsion Laboratory is located within a fenced enclosure covering 
approximately 40 acres near the western limits of the city of Pasadena, 
California. Within the enclosure are more than 80 structures of widely-varied 
types. Dominating the entrance is the administration building. Beyond it 
are: 

(1) Numerous test pits for the development of propulsion systems for 
solid- and liquid-propellant rockets, and for ramjets and turbojet 
engines ; 

(2) Laboratories for research in high-temperature resistant materials, and 
the processing of solid propellants; 

(3) A towing channel for research on underwater missiles; 


(4) Machine, sheet metal and welding shops. 
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Under construction is a compressor house to supply highly-compressed 
air for thermojet research. 

The staff at the Laboratory numbers more than 385. The facilities with 
equipment are valued approximately at $3,000,000. 

Various laboratories on the campus of the California Institute of Technology 
also are utilised; for example, the 10-foot wind tunnel of the Guggenheim 
Aeronautical Laboratory. Expert consultation on special problems is provided 
by staff members in several departments. A Chemistry Group, under the 
direction of Dr. B. H. Sage of the Department of Chemical Engineering, has 
been conducting special research for the Laboratory for several years. 

A test station for the investigation of large, liquid-propellant rocket units 
is being operated by the Laboratory for the ASF Ordnance Department at 
the Muroc Army Air Base, California. 

Numerous contracts under the different research projects have been placed 
with industrial organisations in various parts of the United States, including 
many companies throughout the Los Angeles area. 


II. JATO (Jet-Assisted Take-off for Aircraft) 


The research begun in 1939, under the auspices of the National Academy 
of Science, continued the modest work that had been initiated in 1936. It 
was understood, as it continues to be, that the laboratory primarily should 
be concerned with the solution of basic research problems, to enable the Armed 
Services to develop equipment of novel type. 

One of the immediate objectives of the three young men appointed to carry 
out the research programme for the first year was to develop two types of 
rocket motors; one, utilising the energy of a solid propellant; the other, of a 
liquid propellant. Both types had to be capable of delivering a constant and 
sufficient thrust for a period long enough to assist a plane to take off and reach 
an altitude considered safe to continue its flight unassisted. The period 
specified was of the order of 10 to 30 seconds. 

The first year was devoted mainly to a survey of early experience in the 
field and to study of the fundamental properties of propellants. How the 
Project developed a successful, solid-propellant rocket motor is told first. 


Solid-Propellant Rocket Motors 

In 1939, little information was available on powder rockets with duration 
longer than one second. Two ways suggested themselves to solve the problem 
of delivering a prolonged thrust. The first was to instal in a plane a group 
of motors loaded with fast-burning solid charges, and to fire them one at a 
time in quick succession so as to produce a prolonged thrust. Experiments 
conducted by a number of investigators were discouraging in that successive 
firing at split-second intervals was not dependable; hence thrust was delivered 
not constantly but by fits and starts, strenuous on pilot and plane alike. The 
second way that suggested itself was to develop a restricted-burning propellant 
that would burn at one end only, like a cigarette, in order to produce a constant, 
prolonged thrust. Profiting by knowledge of the difficulties encountered in 
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attempts to develop the first method, the Project directed its efforts toward 
development of the second. 

The first experiments were conducted with commercial stick powders, 
made to specification. The experimental motor was built of steel tubing 
two feet long and one inch thick. The inside diameter was three inches. 
One end was plugged; the other end was fitted with a pipe flange eight inches 
in diameter. The motor nozzle also was fitted to a flange to match the one 
on the motor so that the nozzle and motor were connected by bolting the two 
flanges together. The bolts, made of relatively soft steel, were of a diameter 
calculated to give way when pressure inside the motor became dangerously 
high; thus the nozzle was permitted to fly off and save shattering the motor. 
Powder charges. were ignited at the nozzle end of the motor by an electric 
squib; near the nozzle end, also, the motor was tapped to permit pressure 
measurements. 

One of the dangers anticipated in the operation of the experimental motor 
was that, under the pressure created, the gaseous flame at the end of the solid 
powder stick might strike down between the charge and the chamber wall. 
If it did, the whole charge would burn so rapidly that the result might be an 
explosion. Or, possibly, the transfer of heat down the walls of the chamber 
might ignite the whole charge. To prevent such possibilities, experiments, 
were conducted with various types of liners whose function it was to seal off 
effectively the space between the powder and the chamber walls so as to restrict 
burning to the end of the stick. 

Another danger anticipated was that a stick of powder might crack or 
crumble under the high pressure induced by combustion, hence burn too fast 
and explode. To minimise this danger, powder sticks were moulded in an 
hydraulic press under very high pressure. 

Over a two-year period, with personnel augmented only in the second year, 
the Project made many hundreds of tests. Different powder combinations 
were tried with different loading techniques, and with different nozzles of 
various design, and with different construction materials. By the summer of 
1941, a dependable small-scale motor and a propellant had been developed 
and put into limited production for experimental purposes. The motor 
delivered a maximum thrust of 28 pounds for 12 seconds. Unloaded, the 
unit weighed 10-7 lb.; the powder charge weighed approximately 2 Ib. 

The propellant developed, named GALCIT 27, was an amide powdef 
prepared from commercial ingredients. Each two-pound charge had to be 
pressed into the combustion chamber of the motor in a series of 22 separate 
increments, each under a pressure of 18 tons. Loading with large, hence fewer, 
increments, or loading under lighter pressure, produced powder sticks that 
were likely to explode. 

THE Ercoure Fiicut Tests. Calculations had revealed that the combined 
thrust of six of the new motors was sufficient to justify their application to a 
light airplane. It was feasible, moreover, to fire six of the units simultaneously. 

The Germans already had used jet propulsion to assist gliders into the 
air. We Americans had not. Our knowledge was limited to calculations based 
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upon theory. Obviously, data based on actual tests were much needed to 
check against theoretical predictions of the distance jet propulsion could 
shorten take-off, with and without overloading a plane. If experiment proved 
the theoretical calculations to be sound, then they could be relied upon to 
predict the performance of any airplane equipped with jets. It was desirable 
to know, too, what effect the jet thrust would have upon the stability- and 
control of an airplane, and what effect the hot jet blasts would have upon 
the plane structure. 

For flight tests, therefore, the Air Materiel Command made available to 
the Project a low-wing monoplane, known as the Ercoupe. Its weight, empty, 
was 753 pounds. Captain H. A. Boushey, Jr., the test pilot, flew the plane from 
Wright Field, Dayton, Ohio, to March Field, near Riverside, California. Two 
identical assemblies, each incorporating three rocket units, were installed on 
the plane, one assembly under each wing. As a safety precaution in case of 
explosion, each unit was designed so that both the exhaust nozzle and the 
combustion chamber were free to fly clear of the plane. An electrical switch, 
mounted on the control panel, controlled ignition of the rocket motors. 

The test programme was conducted at March Field, 6th August to 23rd 
August, 1941. Witnesses, including both Army and Navy personnel, viewed 
the first take-off in the United States of an airplane assisted by jet propulsion. 
With the exception of several failures in preliminary trials, the tests were 
successful, the experimental results checking satisfactorily the theoretical 
predictions. 

With jet assistance, the distance required for the plane to take off was 
shortened from 580 feet to 300 feet, a saving of 48-3 percent. The time required 
to take off was shortened from 13-1 seconds to 7-5 seconds, a saving of 42-8 
per cent. With an overload of 285 pounds, the distance was shortened from 
905 feet to 438 feet, a saving of 51-6 per cent. The time was shortened from 
18-8 seconds to 9-5 seconds, a saving of 49-4 per cent. 

The operation of the jet units, 152 being operated in succession without 
the failure of a motor, had no adverse effect upon either stability or control of 
upon the plane structure. The pilot remarked, in fact, that the auxiliary 
thrust had made easier the handling of the plane throughout the take-off run. 
In short, results of the flight tests fully justified proceeding with plans to develop 
and test both solid- and liquid-propellant jet motors designed to deliver 
1,000-pound thrust. 


LATER DEVELOPMENTS OF JATO. Simulating a period of 28 days, tests were 
run to determine the keeping qualities or storage life of the new propellant, 
GALCIT 27. Under test it deteriorated too fast for use in the services. 
Shrinkage of the powder stick tended to draw it away from the liner, thus 
breaking the seal of the propellant across the diameter of the combustion 
chamber and permitting flame to penetrate below the surface and cause an 
explosion. In September an experimental programme was started to improve 
both liner and powder. 

Early in 1942, while the programme was still in progress, the report of the 
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Navy officer who had witnessed the Ercoupe flight led to action. The Navy 
contracted with the Project to develop for experimental purposes a jet unit, 
with acceptable storage life, to deliver 200-pound thrust for eight seconds. 
The Project planned to incorporate in the unit the improvements expected to 
result from the programme in progress. In May a greatly improved solid 
propellant and a suitable motor were ready for testing. The improved 
propellant was designated as GALCIT 46. 

| Meantime, the Project had been investigating the whole subject of solid 
propellants with the intent to develop one better than GALCIT 46. The latter 
had good storage life, but good only within too narrow a range of ambient 
temperatures for use in global warfare, which demands propellants suitable 
for use anywhere from Alaska to Africa. 

To determine chances for success with any formula combining ingredients 
essential to all types of propellant like GALCIT 46, an investigation was made 
of the crystalline properties and the thermal expansion rates of such ingredients. 
The investigation suggested that both crystalline changes and expansion rates, 
over a wide range of temperatures, varied so that probably any compound 
would crack and disintegrate in burning. 

Ballistite, a different type of propellant, also was investigated. A com- 
pound essentially of nitrocellulose and nitroglycerine, the type then available 
had a much-desired high-energy content; but it had two serious drawbacks. 
First, the high temperature of combustion made motor design difficult, and 
the hot blast made it unsuitable for use on carrier decks. Second, the release 
of its energy content is too sensitive to temperature changes. For example, 
a rocket unit loaded with ballistite and designed to deliver 1,000-pound thrust 
at 90° F. could deliver at most only 600-pound thrust at 40°F. Though the 
duration of thrust at the lower temperature would be lengthened, an aircraft 
assisted by such thrust might fail to take off from a short runway. 

After exhausting other possibilities, the investigators turned to a radically 
different type of propellant made by a different process, namely casting the 
ingredients in a mould rather than compressing'them. What they turned up 
with was designated as GALCIT 53, the number being suggestive of the amount 
of developmental work the Project had done on solid propellants. 

First tests of the moulded propellant were made in June, 1942—by coin- 
cidence while the test programme on GALCIT 46 was still running its course. 
GALCIT 53 showed such promise that the Project decided to give it priority 
over the other, to hasten its full development. 

The oxidiser in GALCIT 53 was potassium perchlorate, in form a white 
powder. In addition to being plentiful, it combines the optimum in available 
oxygen, heat of combustion, and chemical and physical stability. The fuel 
in the new propellant was a special type of asphalt; added to it was a small 
percentage of oil with an asphalt base. 

The mixture was prepared by heating the asphalt and oil in a mixing kettle 
to a temperature of 350° F., then stirring in the perchlorate. Before the com- 
bustion chambers were loaded with the finished propellant, they were lined 
with a hot mixture of asphalt and oil. When the propellant had cooled 
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sufficiently, it was scooped into the combustion chambers, which were bounced 
a few times to assure uniform settling, then set aside for the propellant to 
harden. 

In its finished form, GALCIT 58 is a black plastic, at ordinary temperatures 
resembling stiff paving tar. It can be detonated with difficulty if at alli. 
Only with patience can it be ignited with a match flame; but once ignited 
it burns fiercely, emitting a white light and dense white smoke. Burning in 
a combustion chamber under pressure of 1,800 pounds per square inch, the 
propellant gives an average exhaust velocity of 5,300 feet per second at an it 
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average burning rate of 1-25 inches per second. ; 

The new asphalt-base propellant had several advantages over all the earlier , 
ones. It was easier to prepare, and ingredients were more readily available; 9 
it could be stored at wider temperature limits, and within those limits it could 
be stored indefinitely without deteriorating, whereas the earlier propellants 


had a tendency in storage to pull away from the liner, leaving tiny cracks, © 


which led to explosions. 

Units loaded with the new propellant were recommended to be fired at 
temperatures between 40° F. and 100° F. Much above the recommended 
temperature it became viscous and flowed. Therefore, it was imperative that 
invariably the JATO units be stored right side up. 

The rocket motor designed for use with GALCIT 53 was constructed to 
meet specifications set by the Bureau of Aeronautics, Navy Department. It 
was approximately 13 inches long and five and one-half inches in diameter. 
The nozzle plate, which was screwed into the end of the combustion chamber, 
was equipped with a nozzle, an ignition squib, and a safety device, called a 
blow-out plug. The plug was a copper disc designed to blow out at a pressure 
approximately of 3,000 pounds per square inch, thus permitting excess gases 
to escape. To prevent danger from flying pieces and temporary excessive 
thrust of the jet unit at the instant of failure, a cap with four holes in its side 
walls was screwed over the disc. The holes in the cap permitted the gas 
flow to emerge in four jets which mutually cancelled thrust in any one direction. 

Once the developmiental work was finished on the rocket unit just described, 
the Navy contracted with the Aerojet Engineering Corporation of Pasadena 
to manufacture a limited number for experimental purposes. In 1943 the 
Navy, having a greater use for jet-assisted take-off than the Army, began 
placing large orders for motors delivering not only 200-pound thrust, but 
500- and then 1,000-pound thrust. Developmental work on these larger 
units was carried on both by the Laboratory and by Aerojet. Today JATO 
is a commonplace word among fliers throughout the Armed Services. 

Since 1942, most of the work done by the Laboratory to improve solid 
propellants has been directed toward widening the temperature limits for safe 
operation. In 1943, the Laboratory developed GALCIT 61-C, which the 
Navy continued to use until the war ended. Increasing the size of rocket 
units utilising solid propellants is largely a matter of scaling up smaller models. 
Application of solid propellants to other kinds of vehicles, however, is another 
subject. It will be dealt with in a later section. 
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Liquid-Propellant Rocket Motors 

Simultaneously with the development of solid-propellant motors in July, 
1939, the Laboratory undertook the development of liquid propellants more 
satisfactory than any then in use. 

One of the initial difficulties was to find a suitable liquid oxidiser for the 
liquid fuel which, it was taken for granted, would be some one of several easily 
obtainable. The conventional choice of an oxidiser would have been oxygen 
itself. Commercially, it was available in both gaseous and liquid forms; 
but gaseous oxygen is impracticable for use either in a rocket or airplane because 
storage tanks strong enough to contain it are prohibitively heavy. Liquid 
oxygen was also objectionable because its physical properties made it difficult 
either to store or to transport; thus its use in mobile warfare was limited. 

But if pure oxygen had its drawbacks, so had chemical compounds that 
liberate free oxygen when combined with suitable fuels. Earlier experimenters 
had found that, if the compounds worked at all, they were likely either to 
produce residues that eroded exhaust nozzles, or else cause some other difficulty 
that seriously lowered the efficiency of motors. 

RED FuMING Nitric ACID AS AN OXIDISER. As part of their work between 
1936 and 1939, the GALCIT Research Group had made some preliminary study 
of liquid oxidisers, starting with a review of the data their predecessors had 
made available. After four months of work in 1939, they had reduced to four 
the compounds that recommended themselves for further study. Within an 


‘ additional six weeks, by still more rigorous process of elimination, they had 


reduced the four to one; namely, red fuming nitric acid, a solution of nitric 
acid and nitrogen dioxide, with the chemical formula HNO,NO, (referred to 
hereafter simply as nitric acid or acid). 

It was recognised that, on account of its poisonous properties, the chemical 
would have to be handled carefully; and that its corrosive characteristics 
would restrict its use exclusively to those metals and other materials it could 
not corrode. The limitations, however, were. not considered insuperable. 
But it remained to be seen whether the acid could be made to decompose and 
burn completely with a fuel. Preliminary tests, completed just before 
Christmas, 1939, proved that it did, and notably well with gasoline and benzine. 
The tests were conducted in open crucibles. 

Work began on the design of a small motor and accompanying apparatus 
to test the behaviour of the nitric acid and fuel in a combustion chamber, as 
well as to study methods for cooling the motor, for injecting the fuel, and for 
measuring thrust. The finished assembly consisted of the following: a device 
to measure thrust, a rocket motor with a conventional spark plug let into the 
side wall, two propellant-supply tanks, and a cylinder of nitrogen under pressure 
to inject the liquids into the combustion chamber. 

Because the combustion temperature for liquid propellants under pressure 
is higher than the melting point of many metals, precaution had to be taken. 
The combustion chamber, the end plug, and the nozzle block were solid copper ; 
for, in spite of its relatively low melting point, the metal absorbs heat faster 
than any except silver; hence copper could be relied upon to keep the 
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temperature safely below the melting point—provided, of course, the motor was 
operated only for short periods. The motor walls were very thick, moreover, 
because the more of the metal there is, the more heat it absorbs. 

In May all was in readiness to test the behaviour of nitric acid and fuel in 
a combustion chamber. All the tests performed were an unqualified success. 
Judging by the clean flame, combustion had been almost if not quite complete. 

The Project celebrated its first birthday, Ist July, 1940, by initiating a 
programme for the development of nitric acid as an oxidiser. For the time 
being at least, the many difficulties inherent in the development of liquid 
oxygen could be forgotten. The way was open to develop, as directed by the 
Army Air Corps, a liquid-propellant rocket unit to deliver 1,000-pound thrust 
for approximately one minute. 

DEVELOPMENT OF THE First 1,000-PounD THRuUsT Motor. Engineering 
practice suggested that the development of the projected motor and its 
assembly should proceed, not in a single step from a small model to the full-size 
one, but through intermediate models graduated in size, in order to minimise 
the difficulties likely to arise as scale increases. Another reason for making 
haste slowly was that manpower and facilities were strictly limited. As a 
starter, then, the Project designed a unit to deliver thrust of 200 pounds. 

Time out to clear ground and construct buildings during the summer of 
1940 delayed development of the projected unit. But late in February, 1941, 
it was assembled in the new test pit designed to house it. One end of the 
structure was left open to expedite the escape of fumes. The open end faced - 
into a hillside, where the solid earth should act as a cushion for flying missiles 
in case of explosions. As an added precaution, walls were built of heavy 
railroad ties set upright like the timbers in a stockade. 

In the first test, the motor blew up. But safety bolts sheared as calculated, 
and the three essential parts of the motor remained intact. In all, some fifteen 
tests on the motor failed. Meantime, a Chemistry Group, under direction of 
the Department of Chemical Engineering at the California Institute of Tech- 
nology, undertook to investigate the reaction of nitric acid and gasoline. 

While the tests on the first motor were still in progress, a second motor 
with 200-pound thrust was speeding its way from the design board to the 
machine shop. The end plate, made of stainless steel, was utilised as an 
injector, with four small orifices; two for gasoline and two for nitric acid. 
The combustion chamber was a length of steel tubing with a spark plug let 
into the wall. The exhaust nozzle was copper. 

The chief difficulty in tests on the unit was with ignition. Unless it was 
instantaneous—and often it was not—such quantities of propellants collected 
in the chamber that, when they did ignite, the motor blew up. 

In May, a third motor was ready for testing. It blew up on the first test, 
the blazing propellants setting fire to the test pit. 

While repairs were under way, work was going forward on a fourth motor, 
which incorporated a new injector design. Six orifices, manifolded and drilled 
in a circle about the centre of the end plate, injected gasoline; twelve more, 
manifolded in a larger circle, injected acid. All orifices were drilled at an 
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angle so that the propellants impinged at a common focal point, thus mixing 
and dispersing the liquids in a fine spray. To insure a smooth stream flow, 
each orifice was equipped with a carefully machined tip that screwed into 
place. The spark plug was protected by a safety shield to prevent the propell- 
ant components from short-circuiting it. 

Early in July, 1941, the fourth motor was ready for testing. It worked. 
Operation throughout the test period justified the next step in the develop- 
mental programme, the design of a motor to deliver 500-pound thrust. 

Except for a single explosion, the test programme carried out on the 
500-pound thrust motor was successful. The programme yielded invaluable 
information, notably: 

(1) how to reduce the pressure of the nitrogen, which fed the propellants 
to the combustion chamber, thus permitting a simpler and lighter 
propellant-supply system; 

(2) how to select the propellant mixture ratio to control combustion 
temperature ; : 

(3) and how to design an exhaust nozzle that the hot gases eroded less 
than any earlier one. 

Tests on the 500-pound thrust unit coincided with the Ercoupe flight tests 

at March Field. By September, three important decisions were made: 

(1) to proceed at once with a design for a liquid-propellant rocket motor, 

to deliver 1,000-pound thrust; 

(2) to increase the personnel, and to divide it into two groups; one to 
develop motors, the other to work on problems of installation and 
controls that had to be solved before the projected units could be 
tested in an airplane; 

(3) to request the AAF to provide a plane suitable for mounting and 

testing twin assemblies, each with thrust of 1,000 pounds. 

The first rocket motor designed to deliver 1,000-pound thrust was ready 
for testing in October. It differed from the preceding one not only in scale 
but in that it was equipped with two spark plugs instead of one, and with a 
manifolded injector having 45 orifices instead of 18. 

The first tests*were a decided disappointment. Sometimes ignition was 
delayed; sometimes it failed altogether. And in addition a new trouble 
appeared. Sporadically, the motor began to pulse, slightly at first but increas- 
ing in intensity until at the fourth or fifth throb, if not shut off, it would blow 


up. 

For four months the Motor Groups laboured to improve ignition and 
combustion, and to stop throbbing. In the end, though ignition was improved 
so that it worked possibly 80 per cent. of the time, throbbing still presented 
a baffling problem. 

ANILINE AS A FuEL. At the Naval Experimental Station, Annapolis, 
Maryland, another group of investigators had been having trouble with the 
combustion of nitric acid and gasoline. They suggested, talking it over with 
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Dr. Malina who was visiting the Station, that perhaps the addition of aniline 
to the gasoline might help. Dr. Malina telegraphed his group in Pasadena, 
suggesting aniline, not simply as an additive to gasoline but as a substitute for 
it. 

Put into practice, the suggestion worked. Not only did it work but it led 
to the discovery in the United States that aniline is spontaneously combustible 
with red fuming nitric acid. Thus, at once, ignition, combustion, and throbbing 
problems were solved. 

But there was still a serious question to be decided. Should the attempt 
be abandoned to develop gasoline as a fuel in favour of aniline? Gasoline has 
a great advantage for military operations in that it is available, as are facilities 
for handling it and operators who know how. Aniline, on the other hand, 
though available, is a toxic liquid that affects the blood, and it is readily 
absorbed through the pores of the skin. If adopted, facilities for handling it 
would have to be developed, and crews would have to be taught how to use 
it properly. But the decision was made, in the end, to adopt aniline. 

The first two injectors designed to spray aniline and acid into the combustion 
chamber were failures. In the third, eight jets of liquid impinged in pairs 
equidistant from one another. Each of the four resulting jets formed a stream 
practically parallel with the walls of the combustion chamber so that little of 
the propellants washed against the chamber walls. With the third injector, 
combustion in the 1,000-pound thrust motor was instantaneous and infallible. 

Tue A-20A Fiicut Tests. The chief purpose of the projected flight tests 
was to gain information about air-borne equipment and control devices essential 
for practical application to liquid-propellant rocket units. 

The choice of an airplane suitable for mounting and testing a pair of units, 
each with 1,000-pound thrust for a duration of approximately 25 seconds, 
settled upon a bi-moter Douglas bomber, the A-20A. The weight of the plane, 
empty, was 14,000 pounds. Its tail surfaces were high enough to clear the 
jets from the motors; and the nacelle tail cones, which projected rearwards 
well behind the wings, provided ample space to house a unit. This space is 
used sometimes to mount a machine gun firing aft. 

The Design and Control Group was responsible for all installations. Early 
in the winter of 1941, the Group was engaged in preparing a complete mockup, 
or dummy, of the motor and all the equipment, exactly as the assembly would 
be mounted in the A-20A. The work was expedited in January when the 
AAF sent detailed drawings of the plane and an actual nacelle cone to work 
with. 

A simplified description of the assembly and its installation in the plane 
is as follows: the nitrogen tanks to supply pressure for the propellants were 
located in the forward bomb bay, with a line leading to each nacelle cone. 
In each cone were located a motor, two propellant tanks, and a valve—actuated 
by hydraulic pressure—to control the propellant supply. The end of each 
cone was cut off in order to give the exhaust nozzle necessary clearance. In 
the rear cockpit were six pressure gauges to measure the performance of the 
installation, and eleven controls, all accessible to the operator stationed there. 
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‘ Among the numerous safety precautions taken, two_especially deserve 

notice. Each motor, mounted on slides, was restrained by hydraulic thrust 
jacks in order to permit recoil so that, if there was an explosion, the plane would 
not have to absorb the forward thrust of the combustion chamber. The purpose 
of the second precaution was to avoid destructive thrust if the nozzle was blown 
off. It was coupled to the motor body by a pair of shock absorbers so that the 
two units could react upon one another instead of one of them reacting on the 
plane; moreover, both of them would be brought to a full stop within a few 
inches. 
The flight tests with the A-20A were conducted at the AAF Bombing and 
Gunnery Range at Muroc, California, 7th April to 24th April, 1942. The pilot 
was Major P.H. Dane. During the tests 44 successive runs were made without 
any misfires or explosions. For the first time in the United States, an airplane 
had taken off, assisted by liquid-propellant rocket units. 

Like the earlier tests with the Ercoupe, those with the A-20A were highly 
successful. Reduction in distances required to take off were very close to those 
predicted. And the experience gained in the development of the experimental 
unit cleared the way for the design and manufacture of a service type. Accord- 
ingly, the Aerojet Engineering Corp. took over. Development of both larger 
and different types has been carried out since by Aerojet and by the Laboratory, 
working co-operatively and independently. 


III. JET PROPULSION UNDER WATER 


The Hydrobomb 

In 1943, the Armament Laboratory of the AAF arranged with the Jet 
Propulsion Laboratory, GALCIT, to develop a missile to be launched from a 
bombing plane and to be propelled at high speed under water by means either 
of solid- or liquid-propellant rocket units. 

The missile at present under development is called the hydrobomb. Two 
different prototype models have been built for the AAF; one by the Westing- 
house Manufacturing Company and one by the United Shoe Machinery 
Company. The Laboratory has designed and constructed half-scale models 
of these prototypes. 

A full-scale model, constructed by the United Shoe Machinery Company, 
is more than 10 feet long, with a maximum diameter of 28 inches. Designed 
to be launched at speeds up to 350 miles an hour, and to travel under water 
at 70 miles an hour, the missile is driven by a solid-propellant rocket unit 
delivering 2,200-pound thrust for 30 seconds. The range of the missile is 
1,000 yards; gross weight, approximately 3,200 pounds; and the weight of 
the warhead, 1,250 pounds. 


Facilities for Research 

Of fundamental importance in the research programme undertaken to 
develop the hydrobomb was basic information upon the hydrodynamic charac- 
teristics of the proposed missile. It was imperative to know, for example, 
the effect of jet propulsion upon stability and performance of an underwater 
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missile, and the effect of jet propulsion upon cavitation, a phenomenon well 
known to designers of high-speed underwater craft. 

The cause of cavitation may be explained as follows: when a streamlined 
body moves through water, the water pressure at certain portions of the surface 
is reduced. As the speed of the craft increases, the pressure further decreases 
until, at a certain critical value, the pressure drop is so great that the water 
vaporises and forms bubbles. The bubbles cling to the surface where they are 
initiated. Extensive cavitation seriously impedes the motion of an underwater 
craft by increasing its drag in the water. Designers, therefore, exercise every 
precaution to reduce it to a minimum. 

Information concerning fundamentals such as those suggested is procured 
through the interplay of theoretical and experimental methods. One acts 
as a check upon the other until at last all the desired information is at hand. 

The experimental part of the research programme set up to develop the 
hydrobomb demanded elaborate apparatus, useful also in other investigations 
of propulsion under water. This apparatus is a towing channel equipped with 
facilities for observing and measuring the behaviour under water either of 
models or of full-scale craft. 

The towing channel built at the Laboratory is open to the weather. 
Constructed of reinforced concrete, it is 500 feet long, 16 feet deep, and 12 
feet wide. Astride the channel rides a towing carriage, the wheels mounted on 
carefully-levelled steel tracks running the length of the channel. The carriage, 
driven by an electric motor, can run faster than 40 miles an hour. Originally, 
it was driven by three liquid-propellant rocket units. 

Preparatory to a model test, the carriage is raised on hydraulic jacks. 
Suspended from the centre of the carriage is a strut, adjustable to any length 
up to 12 feet. A model is attached to the free end of the strut. When the 
carriage is lowered, the model is submerged ready for testing: Electrical 
strain-gauges installed within the model connect through the strut with an 
oscillograph in the carriage. As the carriage tows the model the length of 
the channel, the strain-gauges measure the hydrodynamic forces acting upon 
the model, and the forces are recorded by the oscillograph. The quantities 
to be measured are known technically as lift, drag, and pitching moment. 

On one side of the channel, midway between the ends, is an underground 
observation room with a glass window let into the channel wall. The behaviour 
of flow over the surface of a model is studied visually and recorded by cameras. 

One of the chief difficulties encountered in the operation of the towing 
channel has been to overcome vibration in the carriage when it runs at high 
speeds, for vibration seriously interferes with the accurate recording of the 
oscillograph. Operation has been improved considerably by coating the 
steel wheels with rubber and by stiffening the carriage structure as a whole. 
Research on the Hydrobomb 

Responsibility for the actual design of different experimental models of 
the hydrobomb rests with agencies other than the Jet Propulsion Laboratory. 
The responsibility of the Laboratory in the development of the models is to 
measure the lift, drag, and pitching moment; in other words, the hydrodynamic 
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forces exerted upon a model in motion. The shape of a model and the size 
of the control surfaces (fins and rudders) influence not only the behaviour of 
these forces but the extent of cavitation as well. 

The motor used for testing the hydrobomb model burns a solid propellant 
delivering the specified thrust of 2,200 pounds for a duration of 30 seconds. 
A long exhaust nozzle was necessitated by the required length of the missile; 
and the heat the nozzle developed had to be ascertained accurately to make 
sure it was not great enough to affect the operation of control mechanisms 
installed adjacent to the nozzle. 

A special propellant had to be developed for the hydrobomb because its 
geometry is such that a solid propellant must be made to burn at the rate of 
one inch per second if the missile is to deliver a 2,200-pound thrust for 30 
seconds. The result was GALCIT 65, a modification of GALCIT 61-C, an 
earlier development of the Laboratory. Work on the new propellant proceeded 
rapidly after potassium nitrate was introduced in order to slow the burning 
rate. 

The new propellant, sealed into rocket motors with the standard liner 
mentioned in connection with JATO units, was subjected to tests simulating 
launching from an airplane flying at different velocities up to 400 miles per hour. 

A rocket unit launched at high velocity hits the water with such terrific 
force that it was feared the impact might crack the propellant or liner, or else 
separate the propellant from the liner, or perhaps separate the liner from the 
steel walls of the motor. Any one of these mishaps would render undependable 
the firing of a unit. It was necessary, also, to determine the effect of temper- 
ature upon the ability of the propellant and liner to withstand the impact 
following launching. 

The test procedure was to launch a dummy torpedo fitted with a loaded, 
solid-propellant motor, then later to fire the unit in a test pit where, if it 
exploded, it would do no harm. Results showed GALCIT 65 capable of 
withstanding impact resulting from launching velocities up to 385 miles per 
hour. The launching tests were made at the Torpedo Launching Range 
developed by the California Institute of Technology for the Navy at Morris 
Dam, California. 


IV. THE ORDCIT PROJECT 


Objective 

The ORDCIT Project was initiated as the result of a memorandum sub- 
mitted by Dr. von Karman, H. S. Tsien and F. J. Malina to the Ordnance 
Department in November, 1943. In January, 1944, Major-General G. M. 
Barnes requested, in a letter addressed to Dr. von Karman, that the Jet 
Propulsion Laboratory undertake a research and development programme on 
long-range, jet-propelled missiles. The project was the first of its kind in 
the United States. 

The Project is based upon a contract between the ASF Ordnance Depart- 
ment and the Laboratory. Asa result, the AAF and the Ordnance Department 
utilise co-operatively the staff and facilities of the Laboratory. 
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The primary purpose of the contract is to obtain fundamental information 
to assist the development of long-range, jet-propelled missiles, together with 
suitable launching equipment. The contract calls for the design and fabrica- 
tion of prototype test vehicles, delivered ready for firing tests—the actual test 
programmes to be carried out under the supervision of the Ordnance Depart- 
ment at whatever ranges they designate. But the scope of the contract is 
sufficiently broad to include basic research on: 


(1) Propellants and materials essential for jet-propulsion devices; 
(2) Equipment for the remote control of guided missiles; 
(3) The aerodynamics of guided missiles (i.e., missiles stabilised and 
guided by fins and wings). 
The following account of the research and development at present under 
way is in the nature of a progress report on work being done under the ORDCIT 
Contract. 


The PRIVATE A and the PRIVATE F 

The first step toward the primary objective—a long-range guided missile 
propelled by rocket thrust—was the design and fabrication of the PRIVATE A. 
Its purpose was to provide experimental data on the effect of sustained rocket 
thrust on a missile stabilised by fixed fins, and to provide knowledge on the 
use of booster rockets for launching missiles. 

Approximately 8 feet long, the PRIVATE A tapered to a sharp nose 
designed for supersonic flight, and it was guided at the aft end by four fins, 
each extending 12 inches from the motor body. Its gross weight was more than 
500 pounds, including a pay load of 60 pounds. Driven by a solid-propellant 
rocket unit manufactured by the Aerojet Engineering Corporation, the missile 
delivered thrust of 1,000 pounds for over 30 seconds. 

The booster unit, which supplied auxiliary thrust to initiate quick take-off, 
was a steel casing designed to mount four Ordnance aircraft armament rockets, 
each 4} inches in diameter, and manifolded so as to insure simultaneous firing. 
Open at the centre to permit clearance of the jet blast from the PRIVATE, 
the booster was designed to deliver thrust of more than 21,500 pounds. Devices 
were installed to prevent rotation in the launcher both of the booster and the 
PRIVATE; and both vehicles were held in intimate contact by a shearing pin 
in order to prevent the destructive impact which otherwise would have occurred 
when the booster unit was fired, as it had to be, an instant after the main motor 
of the PRIVATE was fired. 

The launcher was a rectangular steel boom of the truss type, with four 
guide rails inside its rigid structure. The boom was mounted on a steel base 
by means of a pivot joint so that it was adjustable both laterally and vertically. 
The length of the boom was 36 feet. The function of its length was twofold: 
to support the missile and guide it on its course until it attained velocity 
sufficient to gain aerodynamical stability, and to allow the booster unit to 
burn completely and to disconnect itself from the PRIVATE before the missile 
cleared the launcher. 
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‘Private A,'' first step in the development of a long-range guided missile, leaves its 
adjustable 36-foot launching boom. The solid-propellant rocket unit, delivering a thrust of 
1,000 Ibs., is assisted during take-off by a thrust of over 21,500 Ibs. from an auxiliary booster. 
‘* Private A,’’ which underwent its firing tests in California in December, 1944, had a length 


of about 8 feet. 


Firing tests of the PRIVATE A were carried out at Leach Spring, Camp 
Irwin, near Barstow, California, 1-16th December, 1944. Twenty-four 
rounds were fired in all. The average range was approximately 18,000 yards; 
the maximum 20,000 yards (11-3 miles). 

In the spring following the tests of the PRIVATE A, another experimental 
rocket was ready for testing. It was designed to explore the effect of lifting 
surfaces upon a guided missile. Called the PRIVATE F, it was essentially 
the same rocket as the PRIVATE A; but, instead of four symmetrical guiding 
fins at the aft end, it had one fin and two horizontal lifting surfaces with a 
total span of nearly 5 feet. At the forward end of the missile, to trim it in 
flight, were two stubby wings, their total span less than 3 feet. 

Few changes were made in the booster for the PRIVATE F, but the spread 
of the wings and lifting surfaces on the missile dictated changes in the launcher. 
It had two rails above, rather than four inside, the steel framework. 

The firing tests were at the Hueco Range, Fort Bliss, Texas, 1-13th April, 
1945. The range was equipped with radar for tracking the flight path of 
missiles, and with cameras for recording initial trajectories. Seventeen rounds 
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‘“ Private A’ undergoing the tenth of its twenty-four firing tests. 


were fired. Though the tests provided valuable data of a highly technical 
nature, they demonstrated that a missile with lifting surfaces requires flight 
control equipment for regular flight. 


The WAC CORPORAL 


By far the most spectacular missile the Laboratory has developed is a 
rocket with the code name WAC CORPORAL. It was tested during the 
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autumn of 1945. Some information about the missile was released in March, 
1946. Now that the ORDCIT contract has been reclassified, the Army 
Ordnance Department is at liberty to release more about the story of the WAC 
CORPORAL from its inception to the flight test already reported. 


PRELIMINARY PROBLEMS. In December, 1944, the Ordnance Department 
requested the ORDCIT Project to investigate the feasibility of a high-altitude 
rocket to carry 25 pounds of meteorological equipment to an altitude of at 
least 100,000 feet, or almost 19 miles, in accordance with a requirement of 
the Signal Corps. 

Early steps toward the fulfilment of the assignment included a series of 
studies. First, a theoretical study was made to determine whether, with the 
rocket propulsion systems available at the time, the requested performance 
for the rocket could be achieved. 

When the theoretical study indicated that the requested performance was 
possible, an investigation was begun to determine the required weight of the 
missile, its thrust, and the duration of thrust; for upon these and other such 
requirements its design would be based. 

The investigation also evaluated alternatives for meeting certain of the 
requirements. It was decided, for example, to initiate flight with a booster, 
and to use a launching tower for guidance of the missile until it achieved a 
velocity safe for holding vertical flight. The alternative would have required 











*"WAC Corporal,’’ the rocket designed to carry meteorological equipment, which is 
housed in the nose cap. The yellow centre section, 12 inches in diameter, contains the 
liquid propellant, and the “ blister '' a along it forms a fairing for pipe lines from the 
air tanks and propellant tanks. The length of the ‘WAC Corporal "’ is 16 feet. 
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equipment even more complicated than a launcher and booster to control the 
flight of the missile on its upward course. 

Innumerable essentials of the proposed design, including both missile and 
auxiliaries, called for technical knowledge obtainable only through experiment. 
Therefore, as a prerequisite to the actual designing of many essential parts, 
an experimental programme had to be carried out. 

A feature of the experimental programme was the fabrication and test of 
a one-fifth scale model of the WAC CORPORAL. The purpose of the test 
was to determine whether three tail fins would suffice instead of the usual 
four, and whether the missile-booster combination chosen provisionally would 
perform as anticipated. Tests of the BABY WAC, made at Goldstone Range, 
California, 3-5th July, 1945, confirmed the choice of three fins and the missile- 
booster combination selected. 

The missile, booster, launcher, and other equipment as finally approved 
and fabricated for the tests are described herewith. 


THE MissILE. Approximate outside dimensions of the WAC-CORPORAL 
were: length 16 feet from the needle-pointed nose to the tri-finned tail; diameter 
12 inches. The gross weight was 665 pounds. Empty, the missile weighed 
less than 300 pounds. It delivered thrust of 1,500 pounds for 45 seconds. 

The source of power was a liquid-propellant rocket motor developed by 
the Aerojet Engineering Corporation. The motor was cooled by the flow of 
fuel within the jacket walls just before it entered the combustion chamber. 
The Laboratory adapted the motor to utilise nitric acid as an oxidiser; and 
aniline as a fuel—a spontaneously-combustible propellant combination the 
Laboratory had begun to develop in 1942, shortly after the test flight of the 
A-20A. 

The pressure required to force the propellants into the combustion chamber 
was supplied by compressed air instead of nitrogen, conventionally used for 
the purpose. The substitution was made to simplify operation in the field. 

Pictures of the WAC CORPORAL show a blister running along part of its 
length. The blister is a fairing which covers the pipe lines running forward 
from the air tank, and aft from the propellant tanks. 

The propulsive system was started by the operation of a device known 
as an inertia valve, incorporated in the compressed-air circuit. When the 
booster accelerated the missile out of the launcher, the force of inertia auto- 
matically opened the valve, which transmitted air pressure, at one and the 
same time, to the propellant tanks and to the actuating piston of the main 
propellant valve. 

Fitted into the nose of the WAC CORPORAL, in addition to meteorological 
instruments, were parachute and automatic devices for releasing both the 
entire nose cone and the parachute; an arrangement that recommended itself 
if the instruments installed were to be recovered intact. 

THE Booster. The booster planned originally to accelerate the missile 
proved to be inadequate. Substituted for it was a modification of the Navy 
rocket known as TINY TIM. Changes were made in the fins and nose and 
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The ‘‘WAC Corporal '’ which climbed to 434 miles, or 230,000 feet. 


thrust was increased. Designed to deliver thrust of 30,000 pounds for one 
second, the rocket was modified to deliver 50,000-pound thrust for little more 
than half a second. 

Calculations indicated, however, that in little more than half a second the 
booster and missile would rise some 216 feet, a prohibitive height for a launching 
tower. It was decided, therefore, to retain a tower height of 100 feet, the 
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height agreed upon earlier to meet specifications as planned originally. Design 
had to allow, then, for part of the boost to take place in free flight, unguided 
by the launching tower. 

Earlier experience with the PRIVATE A had taught much about the tech- 
nique for coupling booster and missile in close contact for the duration of a 
boost, and about the automatic release at the end of the period. Experiments 
with the one-fifth scale BABY WAC had confirmed the design chosen for the 
contact-release mechanism, not to mention the fact that a 100-foot tower 
was high enough. 


THE LAUNCHER. The launcher, fabricated of structural steel, was a 
triangular tower 102 feet high, with three launching rails set 120° apart, 
providing an effective length slightly more than 80 feet, after allowance for 
the height of the tower base. Piping was attached to the launcher for servicing 
the missile with propellants and compressed air. A field service trailer, 
developed by Aerojet for the Navy, simplified the handling of the propellants. 

A bomb-proof control house, erected approximately 500 feet from the 
launching tower, housed measuring instruments and fire control and communi- 
cation equipment. 

Tue Tests. Firing tests of the WAC CORPORAL were carried out at 
the White Sands Proving Grounds, Las Cruces, New Mexico, between 26th 
September and 25th October, 1945. Tracked by radar, the missile reached, 
as reported, an altitude of about 43-5 miles in vertical flight. The great increase 
in altitude over that planned in preliminary estimates was the result primarily 
of reduction in weight achieved by changes and improvements made as the 
design matured, and of the added impulse provided by the TINY TIM rocket 
adopted as a booster. 

The Ordnance Department acted as co-ordinator for the various organisa- 
tions involved in the development and firing of the missile. The ORDCIT 
Project was responsible for the preparation of each round for firing, and for 
the technical phases of the firing programme. The Signal Corps, beside 
providing weather data, provided the equipment for tracking and for receiving 
signals from radio sonde sets released from the missile. The Aberdeen Ballistic 
Research Laboratory installed and operated five special camera units and three 
radar stations located at strategic points around the launcher. 

So much, then, about the missiles already completed and tested under 
the ORDCIT contract. 


Remote Control and the Transmission of Flight Data 

As part of the ORDCIT Project, the Laboratory is at work upon a system 
designed for the remote control of guided ‘missiles; and upon two systems for 
transmitting to ground stations data from vehicles in flight. 

AuToPILoT. A guided missile, the German V-2, for example, is one stab- 
ilised by fins and guided, or controlled, by movable surfaces. The automatic 
system that controls these movable surfaces is called an autopilot. 

The Sperry Gyroscope Company, in consultation with the Jet Propulsion 
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The launching tower at White Sands, Las Cruces, New Mexico, where firing tests of the 
out in September and October, 1945. It stands 102 feet 


“WAC Corporal "’ were carried 
high and has an effective length of over 80 feet. 


also seen. 


The control house and weather tower are 
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Laboratory, has designed and developed an automatic pilot for the control 
of forthcoming guided missiles. It utilises three gyroscopes to control, 
respectively, angle of flight, veering off course, and roll. Whenever the rocket 
veers from its predetermined course, the gyroscopes signal small motors, one 
mounted on each of the four fins that stabilise the missile. The tail end of 
each fin is a movable segment or rudder, controlled by a motor. The action 
of these rudders keeps the missile on its course. 

The gyroscopes, the amplifiers for the signals, and the motors are operated 
pneumatically, and the compressed air comes from the same tank that supplies 
pressure to the propellants. 

This control system has been designed, not to meet service requirements, 
but as a means to study control problems. The position of the missile in 
flight will be plotted by radar, recording the trajectory in both horizontal 
and vertical planes so that deviations will be apparent. A radio link will 
be provided for an operator on the ground to signal corrections to the missile, 
which automatically will apply them. All the control equipment is to be 
mounted in the nose cone of the missile. 


TELEMETERING. Certain instruments installed in a missile take critical 
measurements of its behaviour in flight. These measurements are relayed to 
the ground by radio. Application of such a system is known as telemetering, 
or measuring at a distance. It is planned to report ten quantities continuously 
to a ground station during the flight. The quantities will be the following: 
angular rates about each of the three axes of the missile, position of each of 
the control surfaces (rudders), hinge moment on one control surface, longitudinal 
and transverse acceleration. 

The telemetering system developed operates by making each mechanical 
quantity the frequency-controlling element of an audio-frequency oscillator. 
Thus, variations in the quantity to be measured result in variations of the 
audio frequency. Five such audio oscillators of different frequencies are then 
made to modulate a radio-frequency carrier operating at a frequency of about 
100 megacycles. At the ground station the five frequencies are selected by 
suitable filters, passed into frequency-sensitive circuits and recorded on graphic 
recorders. The complete ten-channel system consists of two five-channel 
groups using slightly different radio frequencies. The two transmitters use 
a common antenna projecting from the nose of the missile. 


RAFT (Rocket AiR Fort TESTER). The RAFT is a rocket designed to 
fly model airfoils (airplane wings) and to record their aerodynamic character- 
istics. This method for obtaining aerodynamic characteristics is an important 
supplement to wind-tunnel tests, which in certain speed ranges are unreliable. 

A model airfoil to be tested by the RAFT is attached to a beam protruding 
from the nose of the rocket. Inside the nose, the beam is supported at three 
points. At these points, the aerodynamic forces acting upon the model produce 
pressures, which are measured by strain-gauges. 

The strain-gauges for the RAFT are a magnetic type that operates by 
simple electronic circuits. The gauge is made the frequency-controlling 
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element of an audio oscillator. The measured frequency at the ground station 
then measures the required force. The radio transmitter used to carry the 
information from the strain-gauge to the ground operates at about 60 mega- 
cycles. By insulating the nose of the rocket from the motor, the complete 
rocket is made to act as an antenna, somewhat less than a half wavelength long. 

The RAFT employs a fin-stabilised aircraft rocket, five inches in diameter 
Known as the HVAR, it was developed by the NDRC at the California Institute 
of Technology. Adapted for use as a RAFT, the rocket has a special head. 


V. INVESTIGATION OF LIQUID-PROPELLANT 
ROCKET SYSTEMS 


Facilities for Research 

Test facilities include seven concrete test pits located at the Laboratory 
proper, and one special test station at the AAF Muroc Flight Test Base. Each 
of the Laboratory test pits is capable of handling rocket units with thrusts up 
to 2,000 pounds; and each is equipped with tanks for handling propellants 
under pressure, and with an explosion-proof observation room for operators 
and engineers. At present one pit is devoted to testing a propellant of the 
liquid-oxygen type, one to hydrogen peroxide, two to a nitromethane propellant, 
and three to the nitric acid-aniline propellant. The large test station at Muroc 
is designed for testing motors up to 20,000-pound thrust, for durations some- 
what longer than one minute. A motor of this size consumes propellant at 
the approximate rate of three tons per minute. 

One concrete test pit at the Laboratory is devoted principally to the study 
of pump feed systems for propellants. In this pit is also installed an experi- 
mental turbine wheel for pump power supply. It is driven by a device, similar 
to a rocket motor, which generates gas from propellant liquids. 

Other test pits are assigned part time to the study of gas-generating devices 
both to drive turbines and to pressurise propellants. 

Each pit for testing liquid rockets is equipped with instrumentation for 
measuring motor thrust, the pressure in the reaction chamber, the rate of 
consumption of propellant, various temperatures, and other quantities of 
interest. Data are recorded automatically, and the results of each experimental 
run are reduced by a staff of computers. 


Research 
A brief review of the research the Laboratory is conducting in the further 
development of liquid propellant rocket systems may be presented in three 


parts. 

Motors. The purpose of continued investigation of liquid motors is to 
improve their performance, to discover better methods for cooling them, and 
to lengthen their service life. 

The propellant used essentially determines the maximum performance of 
a liquid motor. But how closely this limit is approached depends markedly 
upon the type of injection device used and upon the geometrical configuration 
of the combustion chamber. Each propellant presents its own set of problems 
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to be solved. A typical acid-aniline motor, for example, gives about 90 per 
cent. of the jet velocity calculated theoretically. 

Most motors today are cooled by the propellants themselves which carry 
away, through the chamber and nozzle walls, the heat transferred by the hot 
gases of combustion. A promising technique now being investigated is the 
protection of the inner chamber wall with a film of liquid which evaporates 
and thus absorbs the heat that otherwise would be transferred to the motor 
walls. This method is commonly referred to as film cooling. 

Research devoted to extending the service duration of several types of 
liquid-propellant rocket motors has been fruitful. The acid-aniline rocket 
motor, which the Laboratory has worked on longer than any other, is the 
most highly developed. Acid-aniline motors of 1,500 pound thrust, with a 
thrust-weight ratio of 30 to 50, have a service duration which can be measured 
in hours. 

A 200-pound thrust motor utilising a nitromethane monopropellant has 
operated repeatedly for five-minute periods. The jacketed motor is cooled 
by the flow of the propellant through the jacket. At present data are being 
accumulated on the characteristics of motors designed to utilise as oxidisers 
hydrogen peroxide and liquid oxygen. 

PROPELLANT FLow ControL. The Laboratory is developing at present 
light-weight valves to control the initial flow of propellants with great precision. 
If flow is not predetermined exactly, quantities of propellants, with their 
violent chemical reactions, may accumulate within a combustion chamber 
with disastrous effect. 

PROPELLANT FEED SysTEMS. Liquid propellants must be fed to the 
combustion chamber of a rocket motor under pressure. Several methods are 
available for the purpose, depending upon the specific requirements of the 
propulsion system in question. The Laboratory is investigating many of them. 

Gas pressure will often serve the purpose if the thrust required is of short 
duration ; but when thrust is required for longer periods, the weight and bulk 
of a pressurised gas become a serious limitation. 

The Germans, after a considerable period of development, replaced gas 
pressure tanks with a system, incorporated in the V-2, which is called a turbo- 
rocket. The system supplies pressure to the propellants by means of light 
centrifugal pumps. A turbine operates the pumps, and is driven by exhaust 
gases generated in a special combustion chamber. 

Still another system to supply pressure for propellants is to produce gases 
from chemicals installed in the missile for that express purpose. This system 
gives promise of being lighter in weight than any other. The Laboratory 
initiated studies on it more than a year ago. 


VI. THE SEARCH FOR MATERIALS 
Need and Facilities for Research 
Other things being equal, the higher the heat of combustion in a rocket 


motor, the higher the exhaust velocity; and the higher the exhaust velocity, 
the lower the propellant consumption. In their present state of development 
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chamber temperatures of motors utilising aniline and nitric acid are in the 
range from 3,500° to 5,000° F. The reaction of gasoline and liquid oxygen 
may produce temperatures as high as 6,000° F. The numerical values of heat 
released in such reactions are at least ten times greater than the maximum 
values encountered in modern furnace practice. 

With motor walls of aluminum or stainless steel, the propellant may be 
utilised to absorb the heat rejected to the surface, even when the temperature 
developed inside the motor is approximately 5,000° F. On the other hand, no 
material has been found to withstand the hottest flame obtainable with some 
propellants. Further improvements in the performance of rocket motors, 
therefore, require either the discovery of new materials to withstand high 
temperatures or else further development of known ones. 

The Laboratory has assembled complete equipment for research in the 
field of temperature-resistant alloys and ceramics. Six electric furnaces for 
the heat treatment of metals and for the firing of ceramic pieces have the 
capacity to handle full-sized units, not merely scale models. Temperatures 
ranging from 1,400° F. to 3,500° F. are obtainable in any atmosphere, and 
still higher temperatures are obtainable for special studies and to determine 
melting points. An induction furnace is available for melting and casting 
alloys. 

For research in the relatively new field of powder metallurgy, the Laboratory 
has an hydraulic press with a capacity of 1,800 tons. Equipment is on hand, 
also, to test accurately various properties of materials as follows: density, 
porosity, melting point, strength at moderate and high temperatures, thermal 
expansion and conductivity, resistance to thermal shock and impact strength. 
The physical structures of alloys and ceramics are studied both by the micro- 
scopic method and by that of X-ray diffraction. 

Research 

As the result of research conducted by the Laboratory, valuable improve- 
ments have been made in a chrome-plated copper nozzle designed for rocket 
motors utilising nitric acid and aniline. Suitable non-corrosive bearing 
materials have been found for pumps utilising nitric acid. Temperature- 
resistant alloys have been used successfully to construct a cooled liquid-propell- 
ant motor with a thin, hence lighter, shell. Tests of ceramic liners for rocket 
motors are yielding encouraging results. 

Ceramic materials, it is anticipated, will play an important part in future 
developments because they have such high melting points. But because they 
are brittle and crumble easily, probably they will be used in conjunction with 
metals rather than replace them. Several methods for producing a bond 
between ceramics and metals are being investigated. By means of techniques 
employed in powder metallurgy, a composite material made of layers of metal 
and ceramic already has been obtained. 

At present materials are being developed for uses as follows: liners for 
chambers of liquid-propellant rocket motors; heat and erosion-resistant 
materials for exhaust nozzles; porous liners (metal or ceramic) for chambers 
and nozzles of liquid motors, through which a propellant may be injected to 
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act as a cooling medium; ceramic materials for a turbojet unit, including 
ceramic turbine blades. 


VII. RESEARCH ANALYSIS 


The importance of theory in the development of jet propulsion cannot be 
over-emphasised. In the early stages of all such developmental work, knowledge 
is meagre. The systematic way to acquire it is through the interplay of theory 
and experiment. First, a problem is attacked theoretically. Then the initial 
solution is applied experimentally. The data thus collected are used in turn 
to correct or refine the theory. Frequently the cycle must be repeated several 
times before the desired knowledge is acquired. 

The section of the Laboratory devoted to research analysis is responsible 
for carrying out the theoretical analysis of many problems arising in the 
field of jet propulsion, particularly those requiring the application of advanced 
mathematical techniques for their solution. 

Solutions are required by many sections of the Laboratory to assist in 
the guidance of their experimental programmes. The Armed Forces, also, 
through their inquiries, have suggested problems with regard to possible 
applications of jet propulsion. 

Information requested falls within two categories: information to determine 
whether or not a new rocket type or a new application for an established one 
is feasible; and information prerequisite to the solution of specific problems in 
design. The first category was in demand, for example, when the Ordnance 
Department requested the Laboratory to examine the feasibility of high- 
altitude rockets to carry meteorological equipment; the second type, when the 
engineers began their design study of the forthcoming missile. 

Another example of research prerequisite to the solution of a specific 
problem in design was a method to determine the aerodynamical force exerted 
against the surface of a missile whenever it veers even slightly from its pre- 
determined trajectory. Applied to the WAC CORPORAL, the calculated 
results, within the limits of experimental accuracy, checked against the data 
supplied by tests of a model in a wind tunnel. Thus, the application of 
theoretical methods to determine aerodynamic forces may often be substituted 
for expensive wind-tunnel tests. 

A great many theoretical calculations of missile trajectories also have been 
made. For example, the expected trajectories of the WAC CORPORAL 
were computed to provide the data necessary for the design of the aerodynamic 
control surfaces. Another trajectory study was made to determine the 
feasibility of the WAC as an anti-aircraft missile. 


VIII. THE GRADUATE COURSE IN JET PROPULSION 


At the request of the AAF Materiel Command, three years ago, a course 
in Jet Propulsion was instituted at the California Institute of Technology by 
the staffs of the Guggenheim Aeronautical Laboratory and the Jet Propulsion 
Laboratory. The course has been limited to officers of the Army and 
Navy assigned for graduate study at the California Institute of Technology. 
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However, provision has recently been made to open the course to a few 
especially-selected civilian students. 

The course covers the basic principles of all known jet-propelled power 
systems, and the performance of jet-propelled devices. The Laboratory 
offers the students first-hand experience with working models of various types 


of power systems. 


THE BRITISH INTERPLANETARY SOCIETY 


The British Interplanetary Society has been established for the purpose 
of promoting the development of interplanetary communication and travel, 
by the study of such sciences as thermodynamics, mechanics, astronomy, 
chemistry, electronics and allied subjects and the publication of papers on all 
relevant scientific developments. 

The Society organises meetings, lectures, debates and exhibitions, full 
particulars of which appear in the Bulletin, published monthly. The Society 
also publishes a quarterly Journal, which contains reports of experimental 
committees and other proceedings of the Society. 


Privileges of Membership 

Members are entitled to the following privileges:— 

(a) To receive a copy of the Journal and Bulletin on publication. 

(6) To attend all meetings, lectures, debates and exhibitions arranged 
by the Society. 

(c) To use the Society’s reference library. 

(ad) To receive a copy of the Society’s Year Book, and such other publica- 
tions as may be issued from time to time. 

(e) To seek inclusion in a technical group and participate in the technical 
and scientific researches conducted on behalf of the Society. 


Grades of Membership 
Membership of the Society is of three grades, according to technical quali- 
fications, and is open to all who are interested in interplanetary travel. 


Fellowship 
Open to those who have some scientific, academic, technical or professional 
qualifications which enable them to participate in the research conducted by 
the Society. The general requirements for Fellowship are any one of the 
following :— 
(a) Possession of a degree from a recognised university in one of the natural 
sciences, engineering or medicine. 
(6) Graduateship of a recognised technical institution, such as Grad.I. 
Mech.E., Grad. I.E.E., Grad. R.Ae.Soc., etc. 
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(c) An examination qualification equivalent to Inter. B.Sc. plus five years 
industrial experience or Ordinary National Cert. plus five years 
industrial experience. 

(d) Possession of a large body of technical experience. 

(e) Submission of a thesis on a relevant subject. 


Membership 

Open to those who wish to take an active part in the affairs and research 
of the Society, but whose scientific or technical qualifications are not sufficient 
to allow them to qualify for Fellowship. 


Associateship 

Open to those who are interested in the aims of the Society, but who wish 
to take no active part in the research or the governing of the Society. Associates 
have no rights of voting and may not join a technical group unless special 
special permission has been given. 


Fees 
All members shall pay an entrance fee of 5s. The rates of annual sub- 
scriptions are as follows:— 


Fellows... oo oe. oO: 
Members .. i. oe oe 
Associates. . ay 10s. Od. 


All sbuscriptions are payable on the Ist January in each year. The subscrip- 
tions of members joining after October Ist will cover the period of the end of 
the following year. 


Technical Groups 

In order to facilitate research.in many fields, the Society has formed a 
number of technical groups, each under the direction of a competent group 
director. The control of research rests with the technical committee acting 
under the authority of the governing Council. 
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The technical groups offer facilities to those who wish to engage in both 
practical and theoretical researches whereby they may avoid unnecessary 
duplication and collate the information necessary for any particular project. 

Full particulars of the activities of each group appear in the Bulletin, 
and technical reports appear at irregular intervals in the Journal. 

At present, the following groups have been formed and are in active 


operation. 
(a) Aeronautical. (f) Radio and Electronics. 
(b) Astronomical. (g) Engines. 
(c) Medical. (h) Structures and Drawing. 
(ad) Chemical and Fuels. (i) Model Construction. 
(e) Mathematical. (7) Instruments. 


Work of the Society 

The Society aims to obtain further knowledge of the conditions existing in 
the upper atmosphere and beyond. 

(a) By the development of manned and instrument-carrying rockets, 

capable of being projected in and beyond the Earth’s atmosphere. 

(6) By the study of recent developments in the technique of reaction 

propulsion in all parts of the world. 

(c) By the development of controlling and recording apparatus. 

(d) By the development of reaction propulsion systems capable of appli- 

cation to supersonic flight. 
In addition to these studies, the Society has undertaken a survey of the prob- 
lems of control and navigation in space, the conditions on the surfaces of the 
planetary bodies of the Solar System, the design of instruments and equipment 
for interplanetary travel, and the physiological and mechanical problems 
associated with space flight and technique for the computation of interplanetary 
trajectories. 

Applications for membership should be made on the appropriate form, 
which may be obtained from the Secretary. Each application should be 
accompanied by the appropriate remittance and returned for submission for 
consideration by the Applications and Membership Committee. 
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